The population of India is likely to reach by 1.4 billion in 2025 with 42.5% as urban. With per capita land availability <3 ha and net availability of cereals and pulses < 450 g d -1 , India is facing challenge in coping up with the national food security and environmental sustainability. Western Uttar Pradesh registered a high agricultural growth during the second wave of 'Green Revolution' in 1980s. However, rapid urbanization and developmental processes are increasingly in conflict with other forms of land use, especially agriculture. This study addresses the spatial pattern of land use over a decade and soil and climatic characterization of the region. The land use/cover change were captured by integrating satellite imageries (IRS-1D and IRS P6) of winter and summer (monsoon) seasons. Over the years, shift of land from agricultural to non-agricultural uses were 4.41% in which conversion to built-up areas was 2.89%. Spatial patterns of major soil and climate parameters were integrated into homogeneous agro-ecological units (38 classes) and 417 land units. Potential yields of major crops of the region were computed by using crop simulation models; and current yields were obtained through field survey in selected land units and other collateral data. Yield gaps (potential-current) ranged 3. 87-6.64, 2.85-4.89, 4.09-6.02 and 30 t/ha in rice, wheat, maize and sugarcane for a majority of land units. A few agri-technological levels were tested for the fertilizer and irrigation inputs required to bridge yield gaps in rice and wheat in selected land units. It is argued that augmenting the production through assessment of biophysical potential of a region can ensure food security and sustainability of the system.
Biophysical linkage with simulation modelling for sustainable land use and agricultural productivity: a case study in western Uttar Pradesh, India 
Introduction
Rapid urbanization and industrialization in recent years have resulted in substantial conversion of cultivated land to other uses, especially to the built-up areas. The per capita land holding is also diminishing. Agriculture happens to be the mainstay to India's large and growing population (1.4 billion in 2025) for sustained food security and therefore, plays a dominant role in India's policy and planning. However, the biggest challenge for agriculture research and development today is to suggest solutions that can harmonize the multiple and conflicting objectives of the stakeholders, like increased income and employment, improved natural resource quality and food security. Land use planning is the systematic assessment of its current use and potential in order to select and adopt the best land use options. Agricultural land use, in particular involves a unique combination of inputs (land, labour, irrigation, fertilizers etc.) to offer a unique mixture of outputs (harvestable yields, residues and environmental consequences, such as soil erosion, nitrogen leaching or green-house gas emission). A regional land use planning involves characterization of the region in terms of soil and climatic features and quantification of resource inputs. This allows obtaining print of agricultural planning options for that region. It might be possible, therefore, to suggest alternative crops or cropping systems to increase or sustain yields but minimizing environmental impacts.
Uttar Pradesh, the most populous (199.58 million) and one of the largest (240,928 km 2 ) states in India, accounts nearly 40% of national share in major food crops. Western U.P. has been the seat of Green Revolution, but now showing signs of yield fatigue [1] [2] . Second generation problems, such as soil nutrient depletion, reduction in factor productivity and profitability, declining groundwater table are threatening the very sustainability of agricultural systems, specially the rice-wheat rotation. Adding to this, diminishing income from farming activity and reducing farm size are forcing the farmers to shift to other livelihood options, and migrating to urban areas. According to Census of India reports, the urban population is estimated as 22. Very few studies have been aimed at integration of bio-physical and socio-economic database related to agricultural activity by linking with the decision tools like simulation models [3] [4] [5] . Remote sensing and GIS technologies allow efficient manipulation of spatial information which can be used with simulation models for regional crop growth assessment. Keeping this in view, the present study focusses on monitoring the spatial and temporal change in agricultural land use, and estimating the production potential of the region by using simulation models. The specific objectives are (i) to monitor the conversion of agricultural land to other uses, by using Indian satellite data, (ii) identification of homogeneous bio-physical units for agricultural production, (iii) to observe the yield gaps of major crops for the units, and (iv) to explore the possibilities of increasing the agricultural production with additional inputs requirement. We have selected three districts of agricultural importance, namely Meerut, Muzaffarnagar and Saharanpur in Western Uttar Pradesh. These districts are the best representative in terms of heterogeneity of agricultural output, income from the farm and most importantly, the availability of resource inputs. The region, especially Meerut, is also receiving the pressure of urbanization and expansion of national capital territory of Delhi.
Data sources and methods

Study area
The study area is well known as upper Doab region of river Yamuna and Ganges with highly fertile alluvial soils and flat topography broken by numerous ponds, lakes and rivers [6] . The average annual rainfall and mean temperature ranges as 650-1000 mm and 23-25 ºC respectively. Decadal (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) population growth is similar in rural areas, but different in urban areas (21. 4 
Data collection and analysis
The primary source of data was remote sensing data and ground survey using the coordinate information through GPS (hand-held with 3 m accuracy) and field photographs. The transit survey methodology was used for surveying along the road network in the study area. Multi-temporal data of IRS 1C/1D/P6 LISS III pertaining to kharif (summer-monsoon) and rabi (winter) seasons of 1998 and 2008 were obtained from National Remote Sensing Centre, Hyderabad.
The secondary and ancillary data were collected from various government departments like, Survey of India, National Atlas & Thematic Mapping Organization, India Meteorological Department, National Remote Sensing Centre, All India Soil & Land Use Survey, District Administration, Statistics and Agriculture Departments, National Bureau of Soil Survey & Land Use Planning, Census of India, etc. ERDAS and ENVI software were used for satellite data analysis. Supervised classification was followed with aid from ground truth. ArcGIS software was used for geo-referencing, digitizing layers, editing, attribute data attachment, spatial analysis and final mapping of the database. The overall methodology of the study is presented in Fig.1 .
Simulation modelling
Dynamic crop growth simulation models WTGROWS [7] , INFOCROP [8] and QUEFTS (Quantitative Evaluation of the Fertility of Tropical Soils) [9] were used for yield gap analysis, inputs requirement and biophysical simulation of agricultural production potential. These results were subsequently used for identifying alternate strategies for ensuring food security and sustainability of the system.
Results and Discussion
Analysis of land use/ land cover change pattern
The spatial pattern of land use for the study area over a period of 10 years (1998-2008) revealed varying degrees of changes within each land use (Fig. 2) . Seasonal change in crop area was associated with difference in rainfall quantity in these years and decline in agricultural land use as a result of urbanization. The seasonal change in crop area is temporary in nature but the land use change caused by urban sprawl is permanent.
Area under double crops (kharif + rabi) is larger in Muzaffarnagar, compared to Meerut and Saharanpur, and also similar in both the years. Over the decade, double cropped area and area under rabi crop in Meerut decreased by 7.42 and 4% with concomitant increase in area under seasonal fallow and other categories by 8.48 and 2.61%, respectively (Table 1) . A marginal increase in permanent fallow areas was also recorded.
In Muzaffarnagar, land use changes between the years are trivial and can be attributed to yearly variations, rather than change over years. Double crop area had marginal (0.82%) increase, and so was area under other land uses (0.66% increase). Seasonal fallow land decreased by only 0.18%. There was 0.15% increase under rabi crop, although permanent fallow land decreased by 1.16% in 2008. In Saharanpur, area under double crop significantly decreased by 10.65% over the period. Seasonal fallow area also decreased by 9.82% whereas area increased under rabi crops by similar margin (9.94%). Permanent fallow area increased by 8.18%, while other areas registered 2.34% increase.
Overall, the inter-seasonal variation in agricultural area in the region showed decrease in double crop (kharif+rabi) area by 5.4% between 1998 and 2008, while seasonal cultivation changed with respect to rainfall. Due to less rainfall in 2008, area under kharif crop decreased by 1.43% compared to that in 1998. Area under rabi crops however increased by 2.49% in 2008, indicating better irrigation facilities developed over the time. Permanent fallow land increased by 2.57%; land belonging to other categories increased by 1.76%.
Over the years (1998-2008), shift of land from agricultural to non-agricultural uses was 4.41% in which conversion of agricultural land to built-up areas was estimated as 2.9% (Fig. 3) . Change was mostly identified in Meerut district, where built up areas increased by 2% over the years; indicating sprawling urban growth around city of Meerut. Some crop areas also changed to wasteland (0.88%) and to forest/plantation areas (0.22%). 
Data
Soil units
Three major soil characteristics, pH, organic carbon content and texture were selected for integration to evolve into homogeneous soil units. Soil pH was grouped into 4 classes (slight acidic, neutral, slightly alkaline and moderately alkaline). Eight textural classes (clay loam, silty clay loam, fine sandy loam, sandy loam, sandy, silty loam, loamy sand, loam) and two classes of organic carbon content [low (0.1-0.4) and medium (0.41-06)] were categorized. Layers of soil pH, organic carbon content and texture were integrated in ArcGIS, which resulted in 38 homogeneous soil units, distributed over 183 polygons (Fig.  4a) . Although distributed over the region, four soil units covered nearly 96% of the study area. The largest area (35.2%) of a unit was identified with slightly alkaline pH (7.5-8.5), low organic C content (0.1-0.4%), and loamy texture. This is spread in the central and western parts of Meerut, north-western and eastern part of Muzaffarnagar and south-west part of Saharanpur.
The 2 nd largest soil unit covers 20.2% of area; its soil properties are neutral pH (6.5-7.5), low organic C (0.1%-0.4%), and loam in texture. The next largest unit covers 14.9% area, located mostly in eastern part with soil being slightly alkaline in pH, low in organic C, and loamy sand in texture. Soil unit spreading over 4.1% of area has soil properties of mild acidic (5.5-6.5 in pH), medium organic C level (0.45-0.6%) and loamy sand in texture, mostly located at north of Saharanpur and north-east of Muzaffarnagar. 
Generation of agro-ecological and land units
The 38 classes of soil units were intersected with 5 rainfall regions, resulting 78 agro-ecological units, distributed over 234 polygons. The agro-ecological unit with the largest area (17.6%) has moderately alkaline pH (7.5-8.5), low C (0.1%-0.4%), and loam in texture and 750-850 mm rainfall.
The second largest agro-ecological unit covers 14.3% of area. It has similar soil, but with rainfall between 650 and 750 mm. The smallest homogeneous manageable unit was defined as land unit and was generated by integrating agro-ecological units and block boundaries. A total of 417 land units were finally obtained (Fig. 4b) . The western and central parts of the region are mostly consisted of few homogenous agro-ecological units, while considerable variations are observed in the eastern and northern parts.
Estimation of potential yields of major crops and yield gaps
Five technology levels were selected with possibilities of increasing yields, using advanced agritechnological support. Technology 1 refers to the current farming practices corresponding to the current (a) (b) average productivity in the study area, while technology 5 applies to the technology required to increase the current yield to its potential in that specific agro-ecological zones (AEZ). Technology 2, 3 and 4 refers to the improvements in inputs and crop management practices necessary to bridge the yield gaps (between potential and actual at farmer's level) by 25, 50 and 75%, respectively. Table 2 . Compared to the national average, productivity of rice in Meerut and Muzaffarnagar is marginally higher; but similar in Saharanpur. Area under rice in Saharanpur, however is twice of that of Muzaffarnagar and nearly 4 times that of Meerut. Yield of wheat is 30% higher in Meerut than the national or state average, and also higher than Muzaffarnagar and Saharanpur. Maize (kharif) yield in Meerut is comparable to national average, but yields are low in Muzaffarnagar and Saharanpur. Yield of sugarcane is similar in all the districts and close to national yield, although substantially higher than the state average.
We assume that the current practice by farmers in this region are similar and representative of the western part of the Indo-Gangetic region, there may be variations in production technologies across in this region, depending on the soil and climatic variations and the capital endowment of the individual farmer. In general, conventional tillage practices are mostly followed and the mechanization level is low to medium. Expect some pockets in Meerut, resource conserving technologies and advanced mechanization are not followed. Use of organic inputs to the soil is almost negligible. Sowing and intercultural operations are grossly manual.
Potential yields of major crops, rice, wheat, sugarcane and maize were computed by using cropsimulations models, and their current yields were obtained through field surveys in the selected land units supplemented with secondary data from different Government organizations. Yield gaps (potentialcurrent) ranged between 3. (Fig. 5) . 
Irrigation and fertilizer Inputs
Yield stagnation in rice and wheat in western Uttar Pradesh is due to conventional blanket fertilizer recommendation, lower fertilizer use efficiency and imbalanced use of fertilizers. In India, agricultural holdings are highly fragmented which increases variability between fields due to individual farmer knowledge, fertilization history, crop sequence and resource availability. Therefore, blanket fertilizer recommendation leads to the possibility of inappropriate utilization of nutrients with adverse economic and environmental consequences. The removal of nutrients by crops requires an attention in terms of estimation of fertilizer requirements to attain optimum crop yields. A few agri-technological levels were tested for fertilizer and irrigation inputs required to bridge the estimated yield gaps in rice and wheat in the land units. The irrigation water and N-P-K fertilizer requirements were calculated for each land units using technical coefficients and simulation models like QUEFTS. The irrigation requirement corresponding for a crop is similar between the land units, but fertilizer requirement significantly varies. Input requirements for selected agro-ecological units with sizable areas are presented here. In general, fertilizer NPK use varied in accordance with the cropping system, farmer's land holding size and available resources in western Uttar Pradesh and of the total NPK use, N's share stands at 68 to 71% indicating the fertilizer management practices of the region are highly imbalanced and may not sustain high productivity in the long run [10] . Although the model reveals that the fertilizer N requirements need to be increased by 1.8, 2.6, 2.9 and 3.2 times from its current level in order to reach to technology level 2, 3, 4 and 5, respectively. Similarly, P-fertilizer doses for same levels should be 1.6, 2.1, 2.5 and 2.7 times higher. The dose of K fertilizer remains the same up to level 3 and thereafter, it should be increased by nearly 1.5 times of current level (Fig. 6 ). Irrigation water requirement in rice is likely to increase from its current level of 860 mm to 1176 and 1492 mm at technology level 2 and 3, respectively; the irrigation requirement does not vary at other levels. In wheat crop, 457 mm water use may be sufficient at potential yield levels. Thus, in view of current level of irrigation water application, irrigation efficiency must be maximized to improve the yield and water use efficiency in wheat. Our study shows that there is scope of improving the yield of crops by developing the fertilizer strategies and proper water management simultaneously. For the agriculture production system to be viable in the future, fertilizer use can be adjusted accordingly to the biophysical and socio economic environment in which the crops are grown.
Conclusion
The present study demonstrates the possibilities in utilizing geospatial components, remote sensing, GIS, GPS and simulation models in integrated manner to learn about the land use/ cover change pattern and accordingly in planning for optimal productivity and exploring the resource and input management options. The analysis reveals that the study area has an enormous potential for the further development of the resources for the agricultural purpose. The present study will contribute to required input for policy makers and other agencies for planning the best use of the available resources in order to improve the socio-economic and environmental conditions of the region as well as developing new policies and strategies for sustainable development.
